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The Split Hopkinson pressure bar (SHPB) or Kolsky bar is widely used to characterize the 
mechanical behavior of materials at different strain rates and different temperatures. The proper 
characterization of mechanical behavior of different materials at different strain rates and temper-
atures requires minimization of potential errors that can occur due to different factors such as 
friction, improper selection of specimen geometry and size. In this study, the effect of lubrication, 
specimen geometry, and size on the dynamic behavior of aluminum alloy has been investigated 
experimentally and numerically. 
Dynamic compressive tests were performed at different strain rates and at room temperature 
using the specimens made of aluminum alloy 7050-T351, with diameters of 5mm, 6mm, 8mm, 
10mm and 12mm and different length to diameter ratios of 0.6, 1 and 1.4. The tests were per-
formed using cylindrical specimens, but a few experiments were also carried out using the cuboid 
specimens to check the compatibility of the used specimens. 
The shorter specimen of smaller diameter (5mm) was found to be sensitive to lubrication, but 
larger specimens did not show larger deviations in the results. The strain rates and calculated 
temperature rise in the specimens due to adiabatic heating decreased with the lubrication applied 
between the specimen and pressure bars. Also, the suitable specimen diameter and aspect ratios 
were identified for high strain rate compression tests. The aluminum alloy 7050-T351 showed the 
increased strain rate sensitivity above strain rates of 1000 s-1. Moreover, the cuboid specimens 
should be discarded in the compression tests as they provide unreliable results. 
The experimental results were fitted to the Johnson-Cook constitutive material model. The 
obtained parameters were then used in the numerical simulation where a replica of the test device 
used in the lab was constructed using a 2D-axisymmetric model in the y-axis. The effects of fric-
tion were also studied simulating the reflected and transmitted stress-waves using coefficients of 
friction ranging from 0-0.5. The results showed that the reflected stress-waves decrease slightly 
with the increase in friction, but the transmitted stress-waves increase significantly. The simulated 
yield stress also increases with increment in coefficient values of friction. 
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1. INTRODUCTION 
Classical theories of elasticity and plasticity only assume that the applied loads are static, 
and therefore the deformation of materials or structure is slow. On the other hand, it is 
well known that materials behavior at dynamic loading is quite different from static load-
ing. Some examples of dynamic events are the collision of vehicles, explosions, birds’ 
impact on aircraft, material forming, natural disasters such as earthquakes, tsunamis, 
floods and so on. The knowledge of material behaviors at those conditions is necessary. 
Various impact experiments have been designed to study the dynamic properties of var-
ious materials including metals, ceramics, polymers, composites, hybrid materials, etc. 
The Split Hopkinson bar, also known as the Kolsky bar is widely used to study the ma-
terial properties up to strain rates of 104 s-1. [1,2]  
Aluminum alloy 7050-T351 is extensively used by automotive and aerospace industries 
mainly due to its attractive combination of strength and corrosion resistance properties 
[3, 4]. The strain rate sensitivity of pure conventional aluminum decreases with the in-
crease in alloying contents and different heat treatment methods but regardless these 
alloys tend to exhibit more sensitivity at elevated temperatures [5,6]. Proper evaluation 
of the strain rate sensitivity and stress-strain response at various strain rates require 
minimization of errors during mechanical testing that can occur due to various factors 
such as friction and improper selection of specimen geometry and size. 
The main purpose of this work is to investigate the effects of friction and determine the 
appropriate specimen diameter and length to diameter ratio for high strain rate compres-
sion tests of aluminum alloy 7050-T351. Dynamic compression tests were performed at 
room temperature using specimens with different diameters of 5mm, 6mm, 8mm,10mm 
and 12mm with different aspect ratios of 0.6, 1 and 1.4. The experimental data were 
fitted to the Johnson-Cook constitutive model and numerical simulations were carried out 
in LS-Dyna using the 2D-axisymmetric model. 
A brief literature review related to this work is presented in the following sections. This 
includes a short description of the stress waves in solids, their types and wave interac-
tion. Then, a brief history of the high strain rate testing, description of split Hopkinson bar 
apparatus and ways to analyze the experimental data are also presented. The properties 
of materials at high strain rate and mechanism associated with the observed behavior is 
also discussed along with the high strain rate behavior of aluminum alloys. Also, a review 
of the currently used Johnson-Cook constitutive model is also provided. 
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1.1 Stress Waves in Solids 
The disturbance to the mechanical equilibrium in a deformable solid medium by the ap-
plication of external force is represented by the change in particle velocity and the cor-
responding changes in stress and strain states. Initially, some parts of a solid are dis-
turbed and some finite time durations are required for the disturbance to be felt by other 
parts of the body. These kinds of waves propagation which causes deformation in the 
material termed as stress waves. These stress waves can be created by different 
sources, for example, an impact between two materials, explosions, etc. When the am-
plitude of the produced stress waves is less than the yield strength of the material, the 
waves are called elastic waves whereas, when the amplitude of the stress waves sur-
passes the yield strength of the material, the waves cause plastic or permanent defor-
mation. [7-9] 
Depending on the motion of particles and direction of propagation of the waves as well 
as the boundary conditions, different kinds of elastic waves can propagate in the solids. 
The most general types of elastic waves in the solids are [7,8]: 
• Transverse waves 
• Longitudinal waves 
• Interfacial waves 
• Surface waves 
• Bending waves 
1.1.1 Elastic Wave in a Cylindrical Bar 
If we consider a uniform circular long bar made of isotropic material as shown in Figure 
1a, a compressive stress wave is produced in the bar upon the impact of the striker bar 
that travels from left to right. Let u(x) be the displacement of plane AB in the bar which 
is at distance x. Then u+ 
𝜕𝑢
𝜕𝑥
𝛿𝑥  is the displacement of plane A’B’ at the distance x+δx 
from the origin. 
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(a) 
 
(b) 
 
Figure 1: (a) The propagation of the compressive elastic wave in a uniform circular bar 
and (b) the equilibrium of a representative element of the bar [7] 
The representative element of the bar is illustrated in Figure 1b. Here, A0 is the initial 
area of the bar, ρ0 is the initial density of the bar material and σ0 is the stress transmitted 
after the impact. Applying Newton’s second law to AA’BB’ we obtain: 
𝐹 = 𝑚𝑎 
𝜕𝜎0
𝜕𝑥
𝛿𝑥𝐴0 = 𝜌0𝐴0𝛿𝑥
𝜕2𝑢
𝜕𝑡2
 
 
(1.1) 
𝜕𝜎0
𝜕𝑥
= 𝜌0
𝜕2𝑢
𝜕𝑡2
 (1.2) 
The strain of the element is 
 
𝜀 =
𝜕𝑢
𝜕𝑥
 
 
 
And, the deformation is supposed to be elastic and then, according to Hooke’s law, 
𝜎0 = 𝐸
𝜕𝑢
𝜕𝑥
 (1.3) 
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Thus, 
 
 
𝜕
𝜕𝑥
[𝐸
𝜕𝑢
𝜕𝑥
] = 𝜌0  
𝜕2𝑢
𝜕𝑡2
 
(1.4) 
 
And, 
𝜕2𝑢
𝜕𝑡2
 =
𝐸
𝜌0
𝜕2𝑢
𝜕𝑥2
 
 
(1.5) 
 
Equation (1.5) is the differential equation for typical one-dimensional wave and the ve-
locity of this wave (𝑐0) is given by 
  𝑐0 = √
𝐸
𝜌0
 (1.6) 
 
 
The speed of longitudinal waves in three typical materials is given in Table 1. It can be 
noticed that the wave speed depends on both Young’s modulus and density of the ma-
terial. 
Table 1: Typical longitudinal wave speed in solid materials [8] 
 Steel Aluminum Glass 
    
E(Gpa) 205 75 95 
𝜌0(𝑔/𝑐𝑚
3) 7.8 2.7 2.5 
𝑐0(m/s) 5100 5300 6200 
 
When the waves encounter a boundary, they are reflected as well as refracted at the 
boundary. This means that the incident wave is reflected as well as transmitted at the 
interface of two materials as seen in Figure 2. This phenomenon occurs when the wave 
encounters a medium having a different mechanical impedance which is defined as the 
product of the medium density and its elastic wave speed. Furthermore, the sum of the 
reflected wave and transmitted wave should always be equal to the incident wave. [7,8] 
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Figure 2: Incident wave reflected and transmitted at the boundary [9] 
 
1.2 High Strain Rate Testing 
High strain rate testing is often needed for structural applications and metalworking op-
erations. Critical structures that are built should always be tested to ensure its function-
ality during dynamic events and at different ranges of temperatures. Similarly, materials 
in metalworking operations encounter various temperatures and strain rates. Therefore, 
knowledge of the materials’ behavior at material forming operations such as rolling, drill-
ing, stamping, cold -drawing, etc. and structural impacts such as bird impact and loading 
at high velocities such as those occurring during an earthquake are needed. Figure 3 
summarizes the different kinds of instruments that can be used for material testing at 
different strain rates. Conventional servo-hydraulic machines are used for quasi-static 
tests up to strain rates of 1 s-1. Hopkinson bar techniques (up to 104 s-1) and light gas gun 
or explosively driven plate impact (104-106 s-1) can be used for testing at higher strain 
rates. [10] 
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Figure 3:Various kinds of instruments for materials testing at different strain rates [10] 
 
The Hopkinson bar method was originally invented by John Hopkinson [11] and his son, 
Bertram Hopkinson [12,13]. Bertram Hopkinson [13] developed a method to measure the 
pressure and their time period produced by rifle bullet or high explosives. He used a 
cylindrical pressure bar made of steel which was suspended as shown in Figure 4. 
 
Figure 4: Bertram Hopkinson experimental device [8] 
It was not easy to measure the stress wave produced during the experiments as there 
were no sophisticated instruments such as strain gage or high-speed camera like 
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nowadays. A flyer was attached to the end of the rod by oil and an explosion was carried 
out at the left end of the pressure bar. After the explosion, a compressional pulse prop-
agates in the pressure bar which shifts forward. The compression pulse is then reflected 
as soon as it reaches the free end of the bar and as a result of reflected tensile pulse, 
the flyer falls off. Then, a pendulum is hanged distinctly next to a pressure bar that is 
intruded by the fallen flyer. The initial velocity and the initial momentum of the flyer can 
be estimated by calculating the swing of the pendulum. Although Hopkinson’s original 
method has the advantage of simplicity, it had some difficulties which were later im-
proved by Davies [14] and Kolsky [15]. They basically used two pressure bars in series 
and the sample is allocated in between the bars. This technique, therefore, is known as 
either a split-Hopkinson pressure bar, Davies bar or Kolsky bar. 
1.2.1 Split-Hopkinson Pressure Bar (SHPB) in Compression 
There is no universal standard design for the SHPB test apparatus and the most com-
monly used configuration which is similar to that used by Kolsky [15], is shown in Figure 
5a. The compression Hopkinson bar test apparatus consists of the following: 
• 2 long symmetrical bars and projectile which mostly is shorter than the bars 
• Gas gun tube or alternative propulsion gear to launch the projectile 
• Alignment fixtures that allow the projectile and pressure bars to move freely in 
the axial direction during the tests 
• Strain gages fitted on both incident and transmitted bar for the measurement 
of the stress waves in the bars 
• Data acquisition system to record the stress-waves in the bars 
 
(a) 
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(b) 
 
Figure 5: Split Hopkinson pressure bar. (a) Experimental test arrangement; (b) Strain 
gage output from the experiment [16] 
The projectile is fired with the help of a gas gun at the end of the bar commonly known 
as the incident bar. The sample is simply sandwiched between the incident and the trans-
mitted bars (Figure 5a). Typically, high strength structural steel, maraging steel or nickel 
alloy such as Inconel is used for the construction of the bars because the maximum 
stress that can be achieved within the deforming specimen depends on the yield strength 
of the bar materials that have been used. Basically, the bars should remain elastic during 
the experiments. [16] 
To validate the test, the diameter and length of the pressure bars are to be chosen in 
such a way that only one-dimensional wave is propagated in the bars. Moreover, the 
ratio of length to diameter (L/D) should be around 20 for each bar to separate the rec-
orded incident and reflected waves. Also, higher strain rate experiments can be obtained 
with the bars of the smallest diameter. In order to avoid the interference of the waves, 
the bars should be constructed in such a way that it is at least twice as long as the 
incident compression wave. [16] 
The incident compression wave can be generated by striking the projectile at the end of 
the incident bar. The velocity of the projectile can be chosen accordingly to achieve de-
sired strain rates. Some part of the incident wave is reflected on reaching the bar-speci-
men boundary whereas the remaining of the wave passes through the transmitted bar, 
known as the transmitted wave. These stress waves are then recorded by the strain 
gages normally mounted on the middle section of both incident and transmitted bars. 
Figure 5b shows the strain gage output recorded as a function of time for all the three 
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stress-waves measured during the experiment. The recordings obtained from the strain 
gages then can be analyzed to construct the strain rate, the force transmitted in the 
specimen and the stress-strain response of the tested specimen. These data are also 
important in numerical modeling. [16] 
1.2.2 Analysis of the Split-Hopkinson Pressure Bar 
According to the uniaxial elastic wave propagation theory, it is assumed that the stress-
waves are known in every point of the Hopkinson pressure bar as an elastic wave can 
be relocated to any points without scattering. So, the force transmitted, and velocity of 
the specimen can be obtained by shifting the transmitted wave to the specimen-bar in-
terface. In a similar way, incident and reflected waves can be shifted to determine the 
incident force and velocity.  [8,16] 
 
Figure 6: Enlarged view of the incident(input) bar/specimen/ transmitted (output) bar 
region [16] 
The strains in the bars are represented by 𝜀𝐼, 𝜀𝑅 and 𝜀𝑇 (incident, reflected, and trans-
mitted strains) respectively as shown schematically in the enlarged view of the test spec-
imen in Figure 6. Also in Figure 6, 𝑈1 and 𝑈2 refer to the particle velocities at the incident 
and transmitted bars respectively and 𝑙𝑠 is the length of the specimen. So, the forces and 
velocities of the specimen can be calculated by the following Equations: 
 𝐹𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = 𝐸𝐴𝐵(𝜀𝐼 + 𝜀𝑅) (1.7) 
 𝐹𝑜𝑢𝑡𝑝𝑢𝑡 = 𝐸𝐴𝐵𝜀𝑇 (1.8) 
 𝑉𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = 𝑐0(𝜀𝐼 − 𝜀𝑅) (1.9) 
 𝑉𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑐𝑜 𝜀𝑇 (1.10) 
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where 𝐹𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 , 𝐹𝑜𝑢𝑡𝑝𝑢𝑡, 𝑉𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡, 𝑉𝑜𝑢𝑡𝑝𝑢𝑡 are the forces and the particle velocities at the 
incident and transmitted bars respectively; 𝐴𝐵, E, and 𝑐𝑜 are the cross-sectional area of 
the bars, Young’s modulus, and the longitudinal wave velocity respectively.  
The compressional strain rate 𝜀?̇? can be determined by the difference in velocities at both 
ends of the specimen; 
 𝜀?̇? =
𝑉𝑜𝑢𝑡𝑝𝑢𝑡 − 𝑉𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
𝐿𝑠
 (1.11) 
Then, the stress in the specimen is, 
 𝜎ₛ =
𝐹𝑜𝑢𝑡𝑝𝑢𝑡
𝐴ₛ
 (1.12) 
where 𝐿𝑠 and 𝐴ₛ are the length and cross-sectional area of the specimen respectively. 
Assuming uniform deformation, the strains in the specimen state can be written as: 
𝜀𝐼+𝜀𝑅=𝜀𝑇. By substituting Eq. (1.9) into Eq. (1.11), the strain rate of the specimen can be 
calculated, 
𝜀?̇? =
2𝑐𝑜
𝐿𝑠
𝜀𝑅 (1.13) 
The strain of the specimen then can be calculated by integrating the strain rate over time; 
𝜀ₛ =
2𝑐𝑜
𝐿𝑠
∫ 𝜀𝑅 𝑑𝑡
𝑡
0
 (1.14) 
Then, the stress of the specimen can be calculated by; 
𝜎ₛ =
𝐸 𝐴𝐵
𝐴ₛ
𝜀𝑇 (1.15) 
The engineering stress and strain of the specimen obtained from Equations (1.14-1.15), 
and this analysis is termed as one-wave equations of the SHPB because it uses only the 
reflected wave to calculate strain and only transmitted wave is used to calculate strain in 
the sample [8,16].  
At the early stages of the dynamic experiment, the load is introduced only at one end of 
the specimen while the other end remains static. So, over the years, several authors [17-
19] have proposed a three-wave analysis in order to use the average of the two forces 
to calculate the stresses instead of Eq. (1.12): 
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𝜎ₛ =
𝐹𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡+  𝐹𝑜𝑢𝑡𝑝𝑢𝑡
2𝐴ₛ
 (1.16) 
Accordingly, other equations for three-wave SHPB can be derived; 
 𝜎ₛ =
𝐸 𝐴𝐵
2𝐴ₛ
(𝜀𝐼 + 𝜀𝑅 + 𝜀𝑇) (1.17) 
 𝜀?̇? =
𝑐𝑜
𝐿𝑠
(𝜀𝑅 + 𝜀𝑇 − 𝜀𝐼) (1.18) 
 𝜀ₛ =
𝑐𝑜
𝐿𝑠
∫ (𝜀𝑅 + 𝜀𝑇 − 𝜀𝐼) 𝑑𝑡
𝑡
0
 (1.19) 
1.2.3 Tensile Split-Hopkinson Pressure Bar  
Some materials like cast iron and fiber-reinforced composites have different tensile and 
compressive properties. Moreover, the properties of fibers can only be evaluated in ten-
sion. For this reason, the tensile version of a split-Hopkinson bar is required. Figure 7 
[16] shows a schematic picture of a tensile SHPB setup. The principles and data analysis 
techniques for the tensile split-Hopkinson pressure bar are similar to those discussed 
above for compression SHPB. The main differences are the specimen geometry, meth-
ods of generating tensile loading pulse and arrangement of the specimen between the 
incident and transmitted bars. Different types of tension SHPB have been developed to 
study the dynamic response of the materials in tension, and three common types are 
presented here. [17,20-22]  
Method 1: The first method developed by Lindholm and Yeakley [20] consists of a solid 
incident bar while the transmitted bar is made of a hollow tube. Hat shaped specimen is 
sandwiched between the bar and the tube. The compressive waves in the incident bar 
generate the tensile load in the specimen. The main advantage of this method is that 
when a hollow transmitted bar matches the incident bar, tensile experiments can be per-
formed using a standard compressive SHPB loading [16]. 
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Figure 7: Schematic of a tensile split-Hopkinson pressure bar test [16] 
Method 2: In this method, the specimen is subjected to uniaxial tensile stress using an 
axisymmetric circular or flat sheet tension specimen attached directly into the ends of 
the incident and transmitted bars. A tensile pulse in the experiment can be generated by 
directly impacting the striker tube at the end of the incident bar.[21] 
Method 3: In this type of tensile Hopkinson bar loading method, a circular specimen is 
placed onto the ends of the incident and transmitted bars. The sample is protected by a 
circular collar from initial compression pulses and loaded in tension by the reflection of 
the compressive pulses produced at the free end of the transmitted bar. [22] 
1.3 High Strain Rate Properties of Materials 
Bertram Hopkinson in 1905 [12] performed high strain rate experiments on steel wires 
and he found out that the strength of steel at high strain rate was at least twice its strength 
at lower strain rate. The experiments demonstrated that the steel wires become brittle at 
higher strain rates. Afterward, the high strain rate behavior of many materials including, 
metals, polymers, composites, ceramics, soft materials, and so on have been studied 
extensively. Plastic deformation of materials at high strain rate can be described by the 
constitutive equations that associate effective stress σ with strain ε, strain rate 𝜀̇ , and 
temperature T [7]. This can be demonstrated by: 
 𝜎 = 𝑓(𝜀, 𝜀̇, 𝑇) (1.20) 
Since the plastic deformation process is not reversible and it also depends on the path, 
the response of the material at a certain point also depends on the deformation 
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substructures along with the current stress-strain state. So, for that reason, we need to 
sum the general term called ‘deformation history’ to the above Equation (1.20). [7]  
𝜎 = 𝑓(𝜀, 𝜀̇, 𝑇, 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 ℎ𝑖𝑠𝑡𝑜𝑟𝑦) (1.21) 
It is well known that both the stress and strain are second-order tensors each with 6 
different components and the constitutive equations can be represented in scalar form 
rather than in tensor form by calculating the effective stress 𝜎𝑒𝑓𝑓 and effective strain 𝜀𝑒𝑓𝑓 
using the following equations: 
𝜎𝑒𝑓𝑓 =
1
√2
√(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2 (1.22) 
𝜀𝑒𝑓𝑓 =
√2
3
√(𝜀1 − 𝜀2)2 + (𝜀2 − 𝜀3)2 + (𝜀3 − 𝜀1)2 (1.23) 
Here in Equations (1.22) - (1.23) 𝜎1, 𝜎2, 𝜎3  and 𝜀1, 𝜀2, 𝜀3 are the principal stresses and 
strains respectively. 
Similarly, we can also calculate effective shear stress in order to formulate the constitu-
tive equations as shear stresses. In fact, shear stresses are more influential components 
in the plastic deformation of materials. [7] 
 
Figure 8: Lower yield stress vs strain rate for a mild steel [7] 
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Figure 8 represents the lower yield strength of mild steel plotted against the logarithm of 
the strain rate at different temperatures. It can be clearly seen that the yield stress de-
creases with the increase in temperature. Moreover, for the strain rates lower than 103 s-
1, yield stress changes comparatively slowly with strain rate, whereas for the strain rates 
greater than 103 s-1, the yield stress alters swiftly. Hence, it can be concluded that for 
mild steel, increment in strain rates tends to increase the yield stress values and this 
phenomenon of increasing yield stress with strain rate is more pronounced at lower tem-
peratures. 
In the following paragraphs, dynamic compressive, tensile and shear mechanical prop-
erties of common metals like bainitic steel, martensitic steel, aluminum alloy, etc. are 
discussed briefly just to remind that the materials behave differently at high strain rates 
as compared to static conditions. The high strain rate behavior of aluminum alloys and 
the mechanism associated with the observed behavior are discussed in detail in section 
1.4.   
The effects of strain rate and temperature on the compressive flow stress of 2519A alu-
minum alloy have been analyzed by Wen-hui et al. [23] using cylindrical specimens. The 
quasi-static tests were performed at strain rates of 0.001,0.01 and 0.1 s-1 and dynamic 
experiments were conducted under different strain rates ranging from 1500- 8300 s-1 at 
different temperatures. The plot of the experimental results at room temperature is shown 
below in Figure 9. The yield stress measured at room temperature increases with an 
increase in strain rates. Also, when comparing the quasi-static tests with the dynamic 
tests, instability near yield point can be seen with higher strain rates but they become 
stable after plastic deformation. 
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Figure 9: True stress-strain curves of 2519A aluminum alloy at different strain rates 
under compression [23] 
Also, the mechanical behavior of mild steel tested in compression at the quasi-static test 
of 0.001 s-1 and high strain rate tests at around 1000 s-1 has been investigated by Singh 
et al. [24]. It can be clearly seen from Figure 10 that the compressive behavior of mild 
steel at a high strain rate is different than that at the quasi-static conditions. Evidently, 
the materials are strain-rate sensitive in compression. 
  
Figure 10: Comparison of true stress-strain curves at quasi-static and high strain rates 
of a mild steel [24] 
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Detailed study of dynamic (from 0.1 to 500 s-1) tensile behavior of bainitic and quenched-
tempered (QT) martensitic steels has been done by Zhou et al. [25]. They tested 3 dif-
ferent heat-treated samples. The first sample referred as B1 was austenitized at 880 ⁰C, 
kept isothermally at 300 ⁰C for only 40 minutes followed by the air cooling, B3 sample 
was austenitized at the same temperature but kept isothermally at 250 ⁰C for 48 hours 
which eventually was left for cooling at the room temperature whereas QT samples were 
quenched immediately in water. The quasi-static and dynamic tests results are shown in 
Figure 11. 
 
Figure 11:  Engineering stress-strain curves of(a) B1, (b)B3 and (c)Q&T samples [25] 
 
The experimental results showed that the ultimate tensile strength and elongation of all 
the tested samples increased with an increment of strain rates. When the strain rate is 
increased from 0.1 to 500 s-1, the Q&T sample was most sensitive to the tensile strain 
rate among the three samples. The ultimate tensile strength of the Q&T sample gradually 
increased by about 34% (from 1127 MPa to 1516 MPa) whereas the tensile strength of 
B1 and B3 samples increased by 29 % and 23% respectively. 
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Sudden increases in shear stress were presented by Clifton [26] at high strain rates ex-
periments of the order of 105 s-1 on 1100-0 aluminum as shown in Figure 12. At lower 
strain rates (below 105 s-1), the shear stress, 𝜏, of tested aluminum increased marginally 
with the strain rate, but on the other hand, sudden hardening was recognized as the 
strain rate of 105 s-1 was achieved in the experiment. This sparked the debate among the 
scientists making them believe that there might be limiting strain rate at which the 
strength of the material gets closer to infinity. [7] 
 
Figure 12: Comparison of shear stress at different shear strain rates for 1100-0 alumi-
num [7] 
1.4 Correlation Between Applied Stress and Dislocation Veloc-
ity  
The mechanism responsible for the plastic deformation of metals at the micro-scale is 
discussed briefly in this section. Also, the mechanism controlling the deformation at dif-
ferent strain rates and the main dislocation motion responsible for plastic deformation in 
the aluminum alloy is discussed briefly. 
1.4.1 Dislocation Dynamics 
There are many theories to interpret the plastic behavior of all materials like dislocation 
glide, mechanical twinning, phase transformations, etc. But in this section, only disloca-
tion motion responsible for plastic deformation will be discussed briefly. Dislocations are 
linear crystal defects within a crystal structure that strongly influence many properties of 
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materials. Shear strain is produced by the movement of dislocations and their movement 
is influenced by shear stresses. [7,8] 
Edge, screw, and mixed dislocations are the three types of dislocations. Figure 13 illus-
trates an edge dislocation moving under the influence of shear stress (𝜏). The force on 
the dislocation per unit length is then given by 
 𝐹 = 𝜏𝑏 (1.24) 
where b is the dislocation Burgers vector which describes the magnitude and direction 
of lattice distortion resulting from a dislocation in a crystal lattice.  
In the case of an edge dislocation, Burger’s vector is on the glide plane and perpendicular 
to the dislocation line. In this type of dislocation, the dislocation line moves in the direction 
of the Burger’s vector. But on the other hand, Burger’s vector and dislocation line are 
parallel and the dislocation line moves perpendicular to the Burger’s vector in the case 
of a screw dislocation. In practice, mixed dislocation is the most common dislocation. As 
shown in Figure 13(a), the movement of dislocations is hindered by frictional forces and 
stresses should be applied for its motion. If the dislocation covers the distance of the 
Burger vector, it will reach a new equilibrium position. Similar movements of arrays of 
dislocations within a crystal lattice will produce a shear strain (γ =tan θ), as shown in 
Figure 13(b). 
 
Figure 13: (a) Movement of one dislocation causing displacement b; (b)progression of 
the array of dislocations causing shear strain [7] 
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As mentioned before, the mechanical behavior of different materials at high strain rates 
has been studied extensively over the years. At very high strain rates or dislocation ve-
locities, three regions of materials response are defined (Regions I, II, III) as shown in 
Figures 14 and 15 [7,27]. These three regions define three different mechanisms gov-
erning plastic deformation. Thermally activated dislocation motion is the main governing 
mechanism in the region I while phonon drag, and relativistic effects are other mecha-
nisms in regions II and III respectively. 
Regazzoni et al. [28] reported that during high strain rate deformation of metals, the strain 
rate sensitivity increases at strain rates above 103 s-1. Follansbee et al. [29] also demon-
strated that the stress increases gradually with the logarithm of strain rate at low strain 
rates from the results obtained in pure polycrystalline copper. In this regime, the strain 
rate sensitivity (1/m =∂lnσ/∂lnε⁰) is typically on the order of 0.001. Above 103 s-1, 1/m 
increases and reaches the value 0.2 for a strain rate of 2*104 s-1. This similar behavior 
has been observed in materials such as in aluminum single crystals, in polycrystalline 
aluminum, in zinc crystals, in polycrystalline copper, in mild steel and in high strength 
steel [28].  
 
Figure 14: Schematic representation of the stress-velocity behavior of nickel. Three re-
gions of response can be established: region I, II and III [7] 
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Figure 15: Effective tensile yield stress versus strain rate of En3B steel comparing the 
results of tension(x) and punch (+) tests illustrating 3 response regions of strain rate 
sensitive behavior [27] 
The increase in strain rate sensitivity at high strain rates has been understood as a 
change in the mechanism controlling the plastic deformation. It has been interpreted that 
dislocation motion is governed by thermal activation in the low strain-rate region. After 
the strain rate is increased, thermal activation plays less role in moving a dislocation. 
The dislocation motion is steady at high strain rates and the mechanism changes to 
dissipative drag mechanisms. [28, 30-32] However, Weertman [32] approximated based 
on dislocation velocities that this transition occurs at high strain rates of 104 s-1. Also, 
Follansbee [33] presented that the transition from thermally activated dislocation motion 
to phonon drag takes place at high rates of 104 s-1 for copper, copper-aluminum and 
stainless steels. Figure 15 shows that the transition from the region I to region II takes 
place at a strain rate of 0.1 s-1, which is in contradiction to other results. Most often, it 
has been concluded that this transition occurs typically at 103 s-1 [28,29]. 
In the following subsection, thermally activated dislocation motion will be explained 
briefly. The reader is advised to other articles for detailed information on the other two 
mechanisms at very high strain rates [28-33]. 
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1.4.2 Thermally Activated Dislocation Motion 
The movement of dislocations in a lattice is continuously hindered by obstacles such as 
vacancies, inclusions, small-angle grain boundaries precipitates and so on. These ob-
stacles are primarily responsible for plastic deformation. Moreover, obstacles them-
selves can oppose their own movement. [7, 34] It is also acknowledged that plastic de-
formation of metals occurs due to creep. The general misconception about the phenom-
enon of creep is that it occurs only at high temperatures. It may occur from about -273 
0C to the melting point of metals. Fluctuations of yield stress at different temperatures 
and strain rates are other indications of dynamic plastic deformation. These events of 
deformation were first reported by Becker in 1925 and indicated that plastic flow in metals 
takes place when the obstacles are overcome by thermal fluctuations. [35] So, for the 
thermally activated dislocation motion Arrhenius equation can be written as: 
 𝜀̇ = 𝜀0̇ 𝑒𝑥𝑝 − [
𝐻(𝜎)
𝑘𝑇
] (1.25) 
where 𝜀̇ is average strain rate; 𝜀0̇ includes many factors such as attempt frequency and 
thermally activated strain increment, H(σ) is an activation enthalpy(energy) to prevail the 
obstacle, k is the Boltzmann constant and T is absolute temperature. 
Schematic representations of the ways to overcome the obstacles are given in Figure 
16. Peierls-Nabarro forces generally oppose the movement at an atomic level. In order 
to move from one equilibrium position to the next, a dislocation has to overcome an en-
ergy barrier called Peierls-Nabarro energy. The stress required to overcome a disloca-
tion without any external help is Peierls-Nabarro stress. Besides this stress, a dislocation 
may face other obstacles which are divided into two types:  
• obstacles with bigger stress regions (10 atomic diameters or greater) 
• obstacles with shorter stress regions (less than 10 atomic diameters) 
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Figure 16:Thermally activated dislocation mechanisms [35] 
A significant amount of energy is required to overcome the obstacles with large stress 
fields. Therefore, they are called athermal obstacles and thermal activation is unable to 
overcome this type of obstacle. Parallel slip plane dislocations and secondary particles 
are the most common types of athermal obstacles. [35] 
But on the other hand, thermal activation can contribute to overcoming obstacles of 
shorter stress fields (also known as thermal obstacles). Some common examples of ther-
mal obstacles are Peierls-Nabarro stress, jog formation in the intersection of forest dis-
locations, the non-conservative motion of jogs, and cross-slip in screw dislocations and 
climb of edge dislocations. Moreover, the dislocations can also encounter short-stress 
obstacles superposed on big stress field obstacles. [35]  
The Peierls-Nabarro stress is a short-range barrier and important for body-centered cu-
bic (BCC) metals like Iron. But for face-centered cubic (FCC) metals like aluminum, dis-
location forests are the primary short-range barriers at lower temperatures. The disloca-
tions that stand up and through which the moving dislocation must move are called forest 
dislocations. Shown in Figure 17 is a dislocation moving through a dislocation forest in-
tersecting the slip plane. [7] Dislocation intersections cause jogs formation which gener-
ally reduces dislocation mobility but increases dislocation length. These jogs usually do 
not move easily resulting in material strain hardening. 
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Figure 17: Moving dislocation cutting through a dislocation forest [7] 
1.5 High Strain Rate Behavior of Aluminum alloys 
Many researchers have found out that the aluminum and aluminum alloys exhibit low 
strain rate sensitivity, but these materials are also sensitive to strain rates at strain rates 
higher than 103 s-1 at normal room temperature. Tanaka et al. [36] carried out high strain 
rate compression tests on pure aluminum, aluminum-copper alloy, and duralumin. Basi-
cally, it was concluded that in the case of pure aluminum, the flow stress showed a de-
pendency on strain rates between 10-4 s-1 and 103 s-1 as shown in Figure 18. The strain 
rate sensitivity although increased above strain rates of 103 s-1. Contradictory, the other 
two aluminum alloys displayed zero strain rate sensitivity at room temperature. Hence, it 
can be concluded that with the increment of alloying elements on aluminum and heat 
treatment methods, the strain rate sensitivity tends to decrease [18, 36, 37]. But strain 
rate sensitivity of AlMgSi alloy and pure aluminum was also found to be temperature-
dependent in the range 430-670 K [6]. 
 
Figure 18: Dependence of flow stress on strain rate for pure Aluminum [36] 
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El-Magd et al. [38] carried out compression tests on the cylindrical specimens of AA 7075 
at strain rates of 0.001 s-1 to 5000 s-1 and temperatures up to 200 0C. Experimentally 
determined flow curves are represented in Figure 19. The stress-strain curves of quasi-
static tests increase regularly with the increase in strain due to strain hardening. Like-
wise, at strain rates greater than 103 s-1, there is an increase in flow curves and moreover, 
there is also a decrease in the value of stress after the maximum stress point. This usu-
ally happens due to adiabatic heating in high strain rates during the deformation process 
leading to an increase in temperature of the specimen. It can be clearly seen that the 
aluminum alloy 7075 exhibits little strain rate sensitivity at room temperature but at the 
higher temperatures, there is an increase in strain rate sensitivity as well as ductility. 
 
Figure 19: Stress-strain curves of AA7075 at different strain rates and temperature; 
True stress (MPa) in the y-axis and true plastic strain in x-axis [38] 
 
Work done by Mishra et al. [39] on the high strain rate flow behavior of 7055 and 7017 
aluminum alloys showed that the dynamic compressive stress-strain response of 7XXX 
series alloys can be divided into 3 regions as shown in Figure 20. In the region I, there 
is a quick work hardening up to the ultimate strength followed by a slow decrease in 
strength. Slow decrease with an insignificant drop in strength can be seen in region II 
followed by a rapid decrease in region III. The decrease in the strength at high strain 
rates is caused by the formation of adiabatic shear bands (ASB) and cracking induced 
by ASB. Likewise, there is no drop of strength in quasi-static compressive regions which 
suggests that the governing mechanisms in the two conditions are different [39]. 
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Figure 20: Dynamic flow curves at high strain rates [39] 
The strain sensitivity parameter of conventional aluminum and its alloys was measured 
by Lindholm et al. [40] with respect to static flow stress evaluated at a strain rate of 1s-1. 
It can be clearly seen in Figure 21 that pure aluminum is more sensitive to strain rate 
and the sensitivity parameter decreases along with an increase in alloying contents and 
heat treatment methods.  
 
Figure 21: Strain-rate sensitivity of aluminum and aluminum alloys as a function of 
yield strength [40] 
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The comparison of strain rate sensitivity of conventional (CG) aluminum (Al 99.5) and 
ultrafine-grained (UFG) aluminum has been done by May et al. [41]. The UFG aluminum 
was produced by accumulative roll bonding plastic deformation technique. Figure 22 
shows the comparison of the strain rate sensitivity measured in different temperatures. 
It can be clearly seen that UFG aluminum is more sensitive to strain rates than CG alu-
minum and it increases gradually with the increase in temperatures. At a temperature of 
250 ⁰C, the value of m= 0.25 is reported for UFG aluminum. 
 
Figure 22: Strain rate sensitivity(m) versus temperature for conventional Al and ul-
trafine-grained Al [41] 
 
Figure 23: Comparison of strain rate sensitivity of conventional and ultrafine-grained 
AA 6061 [42] 
Also, the strain rate sensitivity of AA6061 has been studied by Priftaj et al. [42] using CG 
aluminum alloy and ultrafine-grained alloys processed by two different methods. The first 
UFG alloy (state 1) was heat-treated at 530 ⁰C for 1 hour followed by quenching in water 
and processed by equal channel angular pressing (ECAP) for 6 passes at 100 ⁰C 
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whereas second UFG alloy (state 2) was heat treated and quenched as the first one, 
further annealed for 18 hours but processed by ECAP for only 2 passes. The strain rate 
sensitivity of the alloys measured at the strain rate from 10-4 s-1 to 10-3 s-1 is shown in 
Figure 23. The difference in measured strength of two UFG states is only about 5 % but 
the variation between two UFG alloys is observed in microstructure where the degree of 
orientation of grains changes from low angle boundaries to high angle boundaries with 
the increase in the number of ECAP passes. So, it is obvious that strain rate sensitivity 
is enhanced by the UFG microstructure and increases with temperature. Moreover, the 
sensitivity parameter increases for state 1 with high angle grain boundaries as the ma-
terials become softer and it also increases sharply with an increase in temperature. 
1.6 Material Modelling with Johnson-Cook (JC) Constitutive 
Model 
The accuracy of the finite element numerical simulation depends notably on the accuracy 
of the deformation behavior represented by the constitutive equations. So far, much re-
search has been done to develop the constitutive equations of materials from the exper-
imental results to describe the relationship between flow stress and deformation behavior 
under different loading conditions. These constitutive equations can be divided mainly 
into two categories: empirical constitutive models and physical-based models.  
Empirical models, e.g. Johnson-Cook (JC) model [43], Klopp model [44], Khan–Liu (KL) 
model [45], etc. predict the flow behaviors of metallic materials during high strain rate 
loading conditions. These models predict the mechanical properties of materials with 
limited number of constants which can be easily derived from the experiments. Among 
these models, the JC model is widely used and also embedded in many FE software to 
simulate the flow behavior of a variety of materials loaded under dynamic conditions.  
The physically-based models such as Zerilli-Armstrong (ZA) model [46,47], Mechanical 
threshold stress (MTS) model [48], Bonder-Partom (BP) model [49], etc. elucidate the 
physical mechanism of material behavior based on the thermal activation and dislocation 
dynamics. The main disadvantage is that a large number of experimental data are 
needed for these types of physical-based models. 
The JC constitutive model was first proposed in 1983 [43]. It can be expressed as follows: 
 σ = (A + Bεn)(1 + C ln𝜀 ∗̇)(1 − T∗m) (1.26) 
 𝑇∗ =
𝑇 − 𝑇𝑟𝑒𝑓
𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑟𝑒𝑓
 (1.27) 
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where σ is the equivalent stress, ε is the equivalent plastic strain, 𝜀 ∗̇ = 𝜀̇/𝜀0̇  is dimen-
sionless strain rate with 𝜀 ̇ being the equivalent strain rate, 𝜀0̇ is the reference strain rate. 
𝑇𝑟𝑒𝑓 and 𝑇𝑚𝑒𝑙𝑡 are the reference and melting temperature respectively. 
The five unknown material constants are A, B, n, C and m, which can be calculated by 
fitting the model to the experimental stress-strain curves under different strain rates and 
temperatures. The expressions in the first set of brackets describe the strain hardening. 
Moreover, the constants in the second and third sets of brackets represent hardening 
caused by the strain rate and thermal softening of the material respectively. In the fitting 
process, the constants in the first bracket are determined first. A is the yield strength at 
reference strain rate and temperature, the constant B corresponds to the amount of the 
strain hardening of the materials at the strain of one and n is the strain hardening coeffi-
cient of the materials. 
Johnson and Cook presented a constitutive model from the torsion tests over a wide 
range of strain rates from quasi-static to about 400 s-1 for three materials; OFHC copper, 
Armco iron and 4340 steel. The Armco iron and 4340 steel showed very good agreement 
but OFHC copper results did not agree very well. 
Over the years, hundreds of modifications have been done to the original JC model but 
only a few are discussed here.  Eq. (1.26) can produce enough accurate results but for 
many ductile metals, the yield strength increases more rapidly with the strain rate than 
that described by the equation for higher strain rates than 103 s-1. So, Rule and Jones in 
1997 [50] revised and modified the JC strength model to increase the strain rate sensi-
tivity minimizing changes to the original model. The modified model has the following 
form: 
 𝜎 = (𝐶1 + 𝐶2𝜀
𝑁)[1 + 𝐶3𝑙𝑛𝜀 ∗ +𝐶4(
1
𝐶5 − 𝑙𝑛𝜀 ∗
−
1
𝐶5
)](1 − 𝑇∗𝑀) (1.28) 
where 𝐶1 𝑡𝑜 𝐶5, N and M are empirical coefficients and exponents. The second expres-
sion is termed as a strain rate sensitivity factor. The term 1/ (𝐶5 − 𝑙𝑛𝜀*) tends to infinity 
as the strain rate reaches the critical strain rate. At strain rates lower than unity, the strain 
rate sensitivity factor𝐶4(
1
𝐶5−𝑙𝑛𝜀∗
−
1
𝐶5
) is removed. They evaluated the revised model for 
7075-T6 aluminum, OFHC copper, wrought copper, wrought iron and high-strength steel 
and it appeared capable of representing the mechanical behavior of tested metals at a 
wide range of strain rates. 
Chen et al. [51] realized that the original JC model could not illustrate the modification of 
the work hardening of AA 7050 from positive to negative values. Hence, they also 
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modified the original JC model by studying the mechanical behavior of aluminum 7050-
T7452 alloy performing the quasi-static and dynamic uniaxial compression tests over a 
wide range of strain rates and temperatures and determining the work hardening rate 
(𝑄𝐽𝐶) as: 
 𝑄𝐽𝐶 = 𝐵𝑛𝜀
(𝑛−1)(1+C ln𝜀 ∗̇)(1−𝑇∗𝑚) (1.29) 
Also, Tan et al. [52] modified the JC model by integrating variable strain rate hardening 
coefficients with strain and strain rate. They used a binary quadratic polynomial regres-
sion model and found out that the proposed model had higher accuracy than the existing 
model to predict the tensile flow behaviors for 7050-T7451 aluminum alloy at high strain 
rates. Further reading can be done in reference [52]. It is clear that the JC model is a 
very flexible and reasonably accurate model that can be modified according to the 
change in applications of various materials as done by many researchers. 
1.7 Effect of Friction and Specimen Size in Compression tests 
at High Strain Rates 
When the coefficient of friction is zero at the interface between the specimen and the 
pressure bars in the compression tests, the deformation of the specimen is uniform as 
shown in Figure 24a. Contrarily, when the frictional force exists at the contact interface, 
the movement of two sides of the cylindrical specimen are restricted during the compres-
sion tests. As a result, the cross-sectional area of the specimen varies generating barrel-
like shape as represented in Figure 24b. [53] The friction at the interfaces will result in 
non-uniform stress distribution and the properties obtained from these types of tests can 
be unreliable. 
 
 
Figure 24: Specimen deformation in compression at different interface conditions; (a) 
with lubrication and (b) friction [53] 
 
30 
 
Improved estimation of the effects of the friction, inertia and specimen size in high strain 
rate compression test allows more precise determination of material behavior and its 
constitutive equations at high strain rates. The coefficient of friction (𝜇) in a compression 
test can be estimated roughly by Siebel’s equation [54]: 
 𝑃 = (1 +
𝜇 𝐷
3𝐿
)𝜎𝜀 (1.30) 
where P is applied pressure, D and L are diameter and length of specimen respectively 
and 𝜎𝜀 is material flow stress. Davies et al. [55] found the friction coefficient of 0.02-0.06 
in a compression test using a constant specimen length to diameter ratio of 0.5. 
The effects of the specimen size and friction in the high strain rate compression tests 
have been studied by Gorham [56] using copper. He suggested that specimen size can 
influence the friction since larger specimens deformed at the same rate involve larger 
radial displacements than small specimens. Lubricant breakdown is more likely when 
using larger specimens which may lead to larger interfacial friction. Also, he suggested 
employing specimens of an aspect ratio L/D= 0.86 to avoid inertia effects.  
Nobuhiko et al. [57] recommended utilizing hollow specimens instead of the cylindrical 
specimen to reduce the friction effects in the compression test that will allow to decrease 
contact area between the specimen and pressure bars. But they observed a reduction in 
stress level which occurred due to buckling and finally concluded that thin hollow speci-
mens may be inappropriate for these impact tests. Wang et al. [58] reported that friction 
has a significant effect on the yield behavior as well as on the post-yield behavior of the 
materials. They [58] reduced the friction effect on the yield behavior using petroleum 
jelly.  
The effect of the specimen size on the flow stress of aluminum 7075-T6 was studied by 
Meyer et al. [59] who found that the contribution of interface friction may depend on the 
specimen size. The effect of specimen length to diameter ratio in dynamic compression 
tests was investigated in detail by Yokoyama et. al [60] using Al 6061-T6 at strain rates 
higher than 1000 s-1. They recommended that the most favorable specimen geometry is 
with a L/D ratio between 0.50 and 0.75 when the diameter ratio between the specimen 
and the used pressure bar is 0.5. However, different kinds of recommendations were 
provided by Irama et al. [61], who claim that the accurate mechanical properties can be 
obtained using specimen length to diameter ratio between 0.5 and 1 only if the specimen 
to pressure bar diameter is equal or less than 0.5. Also, an aspect ratio of 1 was sug-
gested for moderate-high strain rates and moreover, inertia effects could be reduced 
using an aspect ratio of 0.5 for very high strain rates [62]. 
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Liquid lubricants were found to be more effective in reducing the friction effect by Hall et 
al. [5] where they used different types of lubricants in the SHPB compression test of 
aluminum alloy. As a continuation of the work by Hall et al. [5], the appropriate specimen 
size, aspect ratio and effect of friction will be discussed in detail in the following sections. 
1.8 Present Work 
The main aim of the present work is to find the appropriate specimen dimension and 
length to diameter (L/D) ratio that can be used to characterize the high strain rate behav-
ior of aluminum alloy 7050-T351. The role of the friction was also studied in these exper-
iments by carrying out the experiments initially without any lubricant and later the same 
experiments with lubricant applied to the incident and transmitted bars. To provide this 
information, compression tests were performed at elevated strain rates and room tem-
perature. Also, comparisons of the experimental results obtained using cylindrical and 
cuboid specimens were done. Then, the obtained experimental results were fitted to the 
Johnson-Cook constitutive model. The Johnson-Cook parameters derived were then 
used in the numerical simulations performed using LS-Dyna [63], a dynamic finite ele-
ment code. 
The experimental setup, specimen types, and geometry used in the compression tests 
are presented. Experimental procedures and numerical simulations performed are also 
discussed in detail. Moreover, the results from both experiments and simulations are 
presented with an explanation. 
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2. EXPERIMENTAL METHODS 
High strain rate experiments were conducted using cylindrical specimens with diameters 
of 5mm, 6mm, 8mm, 10mm, and 12mm. Length over diameter(L/D) ratios of 0.6, 1 and 
1.4 were used in each case. Also, some experiments were carried using cuboid speci-
mens to compare the accuracy of the results with those obtained from the cylindrical 
specimens. Moreover, in order to study the effect of friction, the experiments were con-
ducted twice, with and without lubricants applied between the incident bar and transmit-
ted bar. Then, Johnson-Cook model parameters were determined from the experimental 
results that were later used in the numerical modeling. 
2.1 Material and Specimens 
Aluminum-alloy 7050-T351 (Table 2) belongs to the 7XXX series (Al-Zn-Mg-Cu) alumi-
num alloys. It is a solution heat-treated, stretched a controlled amount for stress relief 
and naturally aged. This kind of alloy has an attractive combination of strength, corrosion 
resistance characteristics including stress-corrosion cracking resistance. Automotive 
and aerospace industries utilize this alloy due to its excellent physical and mechanical 
properties. [3,64] The aluminum alloy used in the experiments was provided by Cenaero 
company based in Belgium and its physical properties are given in Table 3. 
Table 2: The chemical composition of Al 7050-T351[3, 65] 
Al Si Fe Cu Mn Mg Cr Zn Ti Zr 
Bal. 0.12 0.15 2-2.6 0.10 1.9-2.6 0.04 5.7-6.7 0.06 0.08-0.15 
 
Table 3: Physical properties of aluminum alloy 7050-T351[3] 
Density 
(kg/m3) 
Modulus of elas-
ticity (GPa) 
Poisson’s 
ratio 
Specific heat ca-
pacity (J/kg K) 
Melting 
point(K) 
2830 70 0.33 860 893 
 
From Figure 25, it can be observed that a typical microstructure of 7050 aluminum alloy 
at room temperature consists of highly elongated bandlike grains aligned in the rolling 
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direction. The grain structure, size, and precipitates distribution vary with heat treatment. 
[66] 
 
Figure 25:Optical micrograph of 7050 aluminum alloy [66] 
 
The cylindrical and cuboid specimens used in the present work are shown in Figure 26. 
Compression specimens with varying dimensions were prepared to produce different 
kinds of aspect ratios: L/D =0.6, 1 and 1.4 respectively. The dimensions of all the speci-
mens were measured prior to high strain rate testing. 
(a)   (b)  
Figure 26: (a) Cylindrical specimen and (b) cuboid specimen 
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2.2 Equipment 
2.2.1 Split-Hopkinson Pressure Bar Compression Apparatus 
The dynamic compression experiments were carried out using the SHPB apparatus at 
the Technical University of Madrid. The schematic picture of the apparatus is shown in 
Figure 27, while the photographs are shown in Figure 28. 
 
Figure 27: Schematic of SHPB apparatus in Technical University of Madrid 
 
  
 
Figure 28: Photographs of SHPB apparatus in Technical University of Madrid;(a) 
Specimen sandwiched between pressure bars, (b)Gas gun and (c) Output signal 
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The SHPB test apparatus in the Technical University of Madrid has two long bars, one 
incident bar with a length of 3938 mm and a transmitted bar with a length of 3017 mm. 
The specimen for the high strain rate compression test is sandwiched between these two 
pressure bars as shown in Figure 28a. One of the requirements in high strain rate testing 
is that the incident pressure bar must be at least twice as long as the striker bar to avoid 
the interference of the recorded waves. So, the striker bar used was 1200 mm with the 
same cross-sectional area as the incident bar. The bars have a diameter of 25.4 mm and 
are made of maraging steel C250 and their elastic properties are listed in Table 4. The 
striker bar is located inside a hollow tube. The gas gun uses compressed nitrogen to 
propel the striker bar to impact the end of the incident bar. The time of passage and 
magnitude of the wave pulses are recorded by strain gages positioned at the mid-points 
of the incident and transmitted bars. 
Table 4: Elastic properties of the bars 
Density, ρ(kg/m3) 7850 
Young’s modulus, E (GPa) 208 
Poisson’s ratio 0.3 
2.2.2 Instrumentation 
The incident and transmitted bars have four strain gages (2 gages each in transversal 
and longitudinal direction) in a full Wheatstone bridge as illustrated in Figure 29. The 
instrumentation used in the bars is Vishay micro measurement strain gages CEA-06-
125UT-350 with nominal resistance 350 Ω, gage factor K =2.18 and excitation voltage of 
7.5 V. 
 
Figure 29: Wheatstone bridge 
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Gauge factor (K) is defined as the ratio of relative change in electrical resistance R0 to 
the strain ε; 
 𝐾. 𝜀 =
∆𝑅
𝑅0
 (1.31) 
Longitudinal (𝑅𝐿)and transversal (𝑅𝑇)resistance are then given by; 
 𝑅𝐿 = 𝑅0(1 + 𝐾 𝜀) (1.32) 
 𝑅𝑇 = 𝑅0(1 −  𝑣 𝐾 𝜀) (1.33) 
where ν is the Poisson’s ratio. Then voltage in points A and B is; 
 𝑉𝐴𝐵 =
𝑅2𝑅3 −  𝑅1𝑅4
(𝑅1 + 𝑅2)(𝑅3 + 𝑅4)
𝑉0  =
𝑅𝐿𝑅𝐿 −  𝑅𝑇𝑅𝑇
(𝑅𝐿 + 𝑅𝑇)(𝑅𝐿 + 𝑅𝑇)
𝑉0 (1.34) 
Substituting the values of 𝑅𝐿 and 𝑅𝑇 from Eqs. (1.32) and (1.33) in Eq. (1.34), we get, 
𝑉𝐴𝐵 =
𝑅0
2(1 + 𝐾 𝜀)2 − 𝑅0
2(1 −  𝑣 𝐾 𝜀)2
[𝑅0(1 + 𝐾 𝜀) + 𝑅0(1 −  𝑣 𝐾 𝜀)]2
𝑉0 
 𝑉𝐴𝐵 =
1 + 𝑣
2
 𝐾 𝜀 𝑉0 (1.35) 
To increase the amplitude of signals obtained from the strain gages, the amplifier gain is 
used as presented in Figure 30. 
 
Figure 30: Amplifier gain  
The output voltage (Vs) is: 
 𝑉𝑠 =
1 + 𝑣
2
 𝐾 𝜀 𝐺 𝑉0 (1.36) 
where G is the amplifier gain. And finally, the axial strain in the bars can be measured 
using: 
 𝜀 =
2
1 + 𝑣
 
𝑉𝑠
𝐾 𝑉0𝐺
 (1.37) 
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2.3 Experimental Procedure 
The procedure of the experiment is quite simple. First, the transmitted bar is shifted back 
to its position, and the specimen is placed between the incident and transmitted bars. 
Then the amplifier gain in the input and output bars is adjusted according to the diameter 
of the specimen. The pulse shaper is also placed on the incident bar to obtain the smooth 
wave signals. After that, the incident bar is impacted by the striker bar with the preset 
velocity. The dynamic compression tests were carried out with a striker velocity of 8 m/s. 
A compressive incident stress-wave is produced once the striker bar hits the free end of 
the incident bar. Once this wave reaches the bar-specimen surface, a part of the pulse 
is reflected while the remainder of the pulse is transmitted through the specimen. These 
waves are recorded by the strain gages. The strain-gage data measured as a function 
of time in the experiment is shown in Figure 31. 
 
Figure 31: Waves recorded in the experiment 
 
The raw data was then analyzed using the equations as described in section 1.2.2. to 
determine the stress-strain response of the specimens. The most important task in ana-
lyzing data was to reconstruct all the waves’ origin in the same position as shown in 
Figure 32. After the alignment, the velocity, force transmitted to the specimen, strain rate, 
engineering stress, and engineering strain were calculated. 
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Figure 32: Alignment of the waves 
 
The engineering stress(s) and engineering strain(e) are then converted to trues stress 
and true strain. True stress (𝜎)and true strain(ε) can be computed as: 
 𝜎 =
𝐹
𝐴
 (1.38) 
 𝜀 = 𝑙𝑛
𝐿
𝐿0
 (1.39) 
where F is the load, L0 is its initial length, A is the current cross-sectional area and L is 
the current gauge length. 
For the compression tests, the volume conservation under plastic strains is assumed for 
metals. Engineering vs true measurements can be obtained using the following expres-
sions (when compression is positive): 
 𝜀 = −𝑙𝑛(1 −  𝑒) (1.40) 
 𝜎 = 𝑠 (1 − 𝑒) (1.41) 
The high strain rate compression tests occur over a short duration of time and the heating 
changes from isothermal to adiabatic in nature. Hence, rapid temperature changes arise 
in the specimens during dynamic impact resulting in thermal softening. The kinetic en-
ergy absorbed by the specimen per unit volume (W) was determined by integrating the 
true stress-strain curve [67]: 
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 𝑊 = ∫ 𝜎 𝜀 𝑑𝜀
𝜖
0
 (1.42) 
Temperature rise is due to plastic deformation and it can be calculated from the following 
equation:  
 𝑇2 = 𝑇1+
𝛽
𝜌 𝐶𝑝
∫ 𝜎 𝑑𝜀
𝜀
0
 (1.43) 
where T2 is the rise in temperature, T1 = 297 K is room temperature, β is Taylor- Quinney 
coefficient, ρ is the density, 2830 kg/m3 and  𝐶𝑝 is specific heat capacity, 860 J/Kg K. 
Here in equation (1.43) Taylor-Quinney coefficient is constant. However, previous works 
have shown that β is dependent on strain and strain rate in compression tests [67-69]. 
The value of β =0.85 was determined for the 7000 series aluminum alloy by Rouse et al. 
[69] and shown that the value of β does not depend on the strain rate for these aluminum 
alloys. 
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3. EXPERIMENTAL RESULTS 
Cylindrical specimens with diameters of 5mm, 6mm, 8mm, 10 mm, and 12mm with L/D 
ratios of 0.6, 1 and 1.4 were tested in dynamic compression tests twice, with and without 
lubrication applied on the surface of the incident and transmitted bars. Also, the cuboid 
specimens with a square cross-section of 7mm sides and aspect ratios of 0.6, 1 and 1.4 
were also tested. The stress-strain responses of specimens of different sizes are pre-
sented. 
3.1 Tests without Lubrication 
Figures 34-37 show the stress-strain curves at room temperature tested without lubrica-
tion between the specimen and pressure bars. All the experiments were carried with the 
same striker velocity of 8 m/s, but it can be clearly seen that the strain rate is not constant; 
it increases sharply and becomes uniform. It is observed that higher strain rates are 
obtained for smaller-diameter specimens of the same aspect ratio (Figure 33). 
 
Figure 33: Strain rates as a function of true strain for specimens of different diameters 
with the same aspect ratio of 0.6 
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Figure 34:Stress-strain curves of specimens with 5 mm diameter (unlubricated) 
 
 
Figure 35: Stress-strain curves of specimens with 6 mm diameter (unlubricated) 
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Figure 36: Stress-strain curves of specimens with 8 mm diameter (unlubricated) 
 
Figure 37: Stress-strain curves of specimens with 10 mm diameter (unlubricated) 
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From Figures 34 and 35, it can be seen that the yield stress is sensitive to strain rates 
above 1000 s-1. The friction seems to affect the shorter specimen of the 5mm diameter 
specimen as the measured strength is much higher. On the other hand, the results in 
Figures 36 and 37 are obtained with specimen diameters of 8mm and 10 mm. The strain 
rate ranges from 300 s-1 to 1100 s-1 but similar dynamic mechanical characteristics are 
obtained. The yield stresses at these strain rates are nearly the same showing no signif-
icant difference in mechanical characteristics at intermediate strain rates and it can be 
said that this specimen size is reliable for dynamic testing. 
It was not possible to get results with the specimens of 12 mm in diameter due to some 
technical difficulties with the strain gages. Hence, no conclusions are drawn from this 
specimen geometry. The strain rate decreases as the specimen size decreases and so 
this specimen size would be ideal for static tests rather than high strain rate tests. 
3.2 Tests with Lubrication 
The same experiments as presented in section 3.1 were repeated once again with the 
lubrication. The stress-strain responses of the cylindrical specimens with lubricant are 
presented in Figures 38- 41. 
 
Figure 38: Stress versus strain curves of 5 mm diameter specimens with lubricant 
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Figure 39: Stress-strain curves of 6 mm diameter specimens with lubricant 
 
 
Figure 40: Stress-strain curves of 8 mm diameter specimens with lubricant 
 
45 
 
 
Figure 41: Stress-strain response of 10 mm diameter specimens with lubricant 
 
The main difference that can be observed with the lubricated specimens is the decrease 
in the measured strength of the tested AA 7050-T351. This is clearly seen in the case of 
a 5 mm diameter specimen with an aspect ratio of 0.6. The stress-strain curves of 5mm 
and 6mm diameter lubricated specimens (Figures 38 and 39) with different aspect ratios 
demonstrate that the alloy is sensitive to higher strain rates above 1000 s-1. The meas-
ured yield stress in both figures is similar at lower strain rates below at around 1000 s-1 
but increases beyond the strain rates of 1000 s-1. With larger diameters of 8mm and 
10mm (Figures 40 and 41), we can see that there are no significant differences between 
the lubricated and unlubricated specimens. The yield stresses in all the cases are nearly 
the same, the only difference being the slight increment in the flow stresses at higher 
strain rates. 
Now, to select the appropriate specimen size and length to diameter ratio, comparisons 
of experimental results obtained from the lubricated tests were made selecting the same 
aspect ratio of specimens with different diameters. 
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Figure 42: Comparison of length to diameter ratio of 0.6 for the specimens with 
different diameters 
 
Figure 43: Comparison of length to diameter ratio of 1 for the specimens with different 
diameters 
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Figure 44: Comparison of length to diameter ratio of 1.4 for the specimens with 
different diameters 
Figure 42 compares the stress-strain curves of specimens with different diameters and 
the same aspect ratio of 0.6. The curves are not identical because the strain rates are 
not the same for all the tested specimens. Higher strain rates of nearly 2000 s-1 are 
obtained with the specimens of diameters 5 mm and 6 mm whereas larger specimens of 
8mm and 10 mm exhibit strain rates lower than 1000 s-1. Moreover, higher yield stress 
is observed for specimens with diameters of 5mm and 6mm as compared with 8mm and 
10 mm diameter specimens which show that yield stress increases with strain rates. 
On the other hand, the higher yield stress is obtained only with a 5 mm diameter speci-
men for the aspect ratio of 1 and 1.6 as seen in Figures 43 and 44. This is because the 
strain rate above 1000 s-1 is obtained with a 5 mm diameter specimen with these aspect 
ratios, whereas other specimens with diameters of 6mm, 8mm and 10mm give strain 
rates less than 1000 s-1. So, we can say that this AA 7050-T351 exhibits higher strain 
rate sensitivity above 103 s-1 as discussed in section 1.5. Hence, the most suitable spec-
imens for dynamic mechanical testing, in this case, are with the diameters between 6mm-
10 mm with aspect ratios of 0.6-1.4 and with the lubrication between the specimens and 
pressure bars. 
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3.3 Comparison between Lubricated and Unlubricated Tests 
As discussed earlier, the main differences between the lubricated and unlubricated spec-
imens can be clearly observed with a shorter specimen of 5 mm in diameter. The differ-
ence in the stress-strain curve of the lubricated and unlubricated specimens is illustrated 
in Figure 45. The high frictional effect is observed with a smaller aspect ratio whereas 
larger aspect ratios are not largely influenced by the friction. With the bigger specimens 
of 8mm and 10 mm, the frictional effect does not bring larger variations in results. To 
obtain the material parameters using the JC-model lubricated specimens were used. 
  
 
Figure 45: Influence of lubrication on dynamically tested specimens 
During the high strain rate compression tests, part of the energy used in the deformation 
of the specimens converts into heat and increases the temperature of the specimens. 
The increase in temperature of the specimens was estimated using equation (1.43). The 
increase in temperature of the specimens in the dynamic tests performed with and with-
out lubrication are compared in Figure 46. In both cases, ∆T increases with strain. How-
ever, when high friction exists between the specimen and the pressure bar, the increase 
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in temperature of the specimen is also high. So, lubrication is essential in the dynamic 
tests to avoid the miscalculation of measured strength as well as the adiabatic heating 
of the specimens. 
 
Figure 46: Temperature increase (∆𝑻) as a function of true plastic strain at different 
strain rates; (a) unlubricated specimens and (b) lubricated specimens 
3.4 Tests with Cuboid Specimens using Lubricant 
The cuboid specimens having a square cross-section with 7mm sides and different 
lengths were also tested. To confirm the compatibility of cuboid and cylindrical speci-
mens, both specimens with similar cross-sectional area and aspect ratio were compared. 
From Figure 48, it can be observed that the stress-strain response of AA 7075-T351 
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differs while using two different types of specimen configurations. The extensive study 
of cuboid specimens has been done by Zhong et al. [53] and they mentioned that the 
deformation is not uniform as high level of stresses were concentrated on the corners of 
cuboid specimens. Hence, this type of specimen should be discarded. 
 
Figure 47: Stress-strain response of cuboid specimens (Here, L is the length and a 
represents sides of square cross-section) 
 
Figure 48: Comparison between cylindrical and cuboid specimens 
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3.5 Determination of JC-model Parameters 
The JC- model material parameters in the constitutive equation (1.26) can be determined 
based on the experimental results by using the following steps: 
(1) At a reference strain rate and reference temperature, the Eq. (1.26) will reduce 
to: 
 𝜎 = (𝐴 + 𝐵𝜀𝑛) (1.44) 
Normally the value of A is calculated from the quasi-static test at a reference strain rate. 
(2) Taking logarithm on both sides of the equation (1.44), we will get: 
 𝑙𝑛(𝜎 − 𝐴) = 𝑙𝑛 𝐵 + 𝑛 𝑙𝑛 𝜀 (1.45) 
The value of A and flow stress at various strains can be substituted in Eq. (1.45), 
then ln(σ-A) vs. ln ε can be plotted. The intercept of the fitting line gives the value of 
B while n is the slope of the line. 
(3) At a reference strain rate and reference temperature Eq. (1.26) can be written 
as: 
 
𝜎
(𝐴+𝐵𝜀𝑛)
 − 1 =C ln𝜀̇∗ (1.46) 
The slope of the curves obtained by plotting (
𝜎
(𝐴+𝐵𝜀𝑛)
 − 1) vs ln𝜀̇∗ gives the 
value of C. 
The above-explained procedure is widely used to determine the JC-model parameters, 
but this was not exactly followed in this case. All the tests were performed at room tem-
perature and the JC- model parameters were calculated by simply fitting the experi-
mental stress-strain curves performed under different strain rates and taking 1000 s-1 as 
a reference strain rate. Although the tests were performed at room temperature, the 
value of ‘m’ was also determined by calculating temperature data from the adiabatic 
heating as explained below.  
Basically, the value of ‘m’ can be derived if the experiments are performed at high tem-
peratures. But it is also possible to estimate the value of ‘m’ even in a small range of 
temperatures. As shown before in Figure 46, the SHPB experimental tests are adiabatic 
where it implies that the temperature of the specimens increases. So, in order to fit the 
JC-model to the experimental data, we also need to introduce thermal softening in the 
model. For that, we need only two parameters of the JC-model: 𝑇𝑚𝑒𝑙𝑡 and m. If these 
parameters are not introduced in the fitting process, isothermal curves are obtained in-
stead of the adiabatic curves.  
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Hence, in this case, although the experiment was done only at room temperature, the 
value of the parameter ‘m’ was derived simply by introducing the parameters to fit the 
SHPB experimental curves in the excel file showing the best agreement with some value 
of ‘m’. With this procedure, we are just adjusting the value of ‘m’ for the range of temper-
atures from room (reference) temperature to the temperature at the end of the tested 
sample. The final parameter values of A, B, n, m, and C obtained by fitting are shown in 
Table 5. 
The comparison of the stress-strain curves calculated with the JC-model and experi-
mental data is shown in Figure 49. Normally, the stress-strain curve calculated with the 
JC model does not include the elastic part, but the elastic strain was also calculated in 
this case. The fitted curve does not agree with the experimental results of 5 mm and 6 
mm diameters but agrees well with the results of 8 mm and 10 mm diameter specimens. 
Then, these parameters were later used in the numerical simulations. 
 
Table 5:Johnson-Cook parameters of AA 7050-T351 
σ = (A + Bεn)(1 + C ln𝜀 ∗̇)(1 − T∗m) 
𝑇∗ =
𝑇 − 𝑇𝑟𝑒𝑓
𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑟𝑒𝑓
 
A(MPa) B(MPa) n C m 
490 735 0.39 0.017 1.52 
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Figure 49:Comparison of stress-strain curves calculated with JC-model to the experi-
mental data (a) 8mm ;(b) 10 mm 
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4. NUMERICAL SIMULATIONS 
Numerical simulations were performed using LS-Dyna, which is a finite element program 
for nonlinear dynamic analysis. 2D axisymmetric-model in the y-axis was used. The main 
reason to use the axisymmetric 2D model is to reduce the computation time. The exact 
dimensions of the projectile, incident and transmitted bars as in the laboratory were used 
to construct a 2D model in the simulation. The graphical representation of the simulation 
is illustrated in Figure 50. 
 
Figure 50: Graphical representation of numerical simulation 
 
 
Figure 51: 2D-axisymmetric finite element model in the y-axis 
Figure 51 shows the 2D-axisymmetric model that had four parts: specimen placed be-
tween the incident bar and transmitted bar and the projectile to generate the stress 
waves. It is well known that mesh sensitivity has a tendency to decrease with smaller 
mesh size and reasonable mesh size should be selected for accurate results [70-72]. 
The element size dependence of the Johnson-Cook dynamic failure model has been 
studied by Goran et al. [72] using element sizes of 0.1,0.3,0.5 and 1 mm. They studied 
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mesh dependence based on the results of force-displacement curves and accurate re-
sults were obtained with a finer element size of 0.1mm. 
The bars and specimen were modeled using a structured mesh by selecting 4 edges. 
The size of the elements was 0.1 mm in the specimen. Also, a fine mesh of 0.1 mm size 
was used at the end and beginning (20 mm to be exact) of the incident bar and transmit-
ted bar respectively. On the other hand, the coarse mesh of size 2 mm was used in other 
parts of the bars and projectile. The number of elements used in the projectile, incident 
bar, and transmitted bar was 3600,13443 and 10675 respectively. The number of ele-
ments of specimen varied with length to diameter ratio. For example, 5 mm diameter and 
3 mm long specimen had 900 elements. 
Axisymmetric solid (y-axis of symmetry)-volume weighted shell elements were defined 
for all the defined parts. Two different kinds of material properties were defined for the 
used bars and the specimen. 001_ELASTIC with material properties listed in Table 4 
were assigned to the projectile and pressure bars and 015_JOHNSON_COOK with prop-
erties listed in Tables 3 and 5 were assigned to specimen. The reference strain rate of 
1000 s-1, shear modulus of 27 GPa and bulk modulus of 58 GPa were also used to define 
the properties of the specimen. 
Equation of state is required to simulate material behavior accurately. EOS_LIN-
EAR_POLYNOMIAL was used to simulate bulk behavior by setting C1 to bulk modulus 
and all other C terms to zero. EOS can only be defined to shell element and recom-
mended if the strain rates are low to moderate. 
The velocity of 8 m/s (same as in the experiments) in y-direction was set to a projectile. 
Then, a 2D-dimensional contact was defined between all the parts with both static and 
dynamic coefficients of friction. Different coefficients of friction were set to compare the 
simulated true stress-strain curves with the experimental curves. The computational time 
of the dynamic simulation was set in the CONTROL_TERMINATION menu. The end 
time of 2.5 milliseconds was used. The von-mises stress distribution in one of the simu-
lations is presented in Figure 52 below. 
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(a) 
 
(b)
 
(c) 
 
Figure 52: Von-mises stress at (a) t=0 ms, (b) t=0.9 ms and (c)t= 1.6 ms 
 
Figure 53 shows the simulated stress waves in y-direction that were measured in the 
middle section of the bars. The procedure to obtain the stress-strain response of the 
simulated material is similar to the experiments described in section 1.2.2. 
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Figure 53: Simulated waves measured at the middle of the pressure bars  
4.1 Simulation Results 
Simulations were carried out using different coefficients of friction and compared with the 
experimental results. The results of the axial strain obtained from the incident and trans-
mitted bar presented in Figure 54 reveal that the friction coefficient affects the reflected 
and transmitted stress waves. The highest reflected stress wave is recorded when there 
is no friction between the bars and the specimen, and it decreases. Likewise, the trans-
mitted stress waves increase significantly with friction. 
 
58 
 
 
Figure 54: Comparison of (a) reflected stress waves and (b) transmitted waves under 
different coefficients of friction 
 
Figure 55:Comparison of the experimental stress-strain curve with the JC-model, and 
simulations with different coefficients of friction of 10 mm diameter with an aspect ratio 
of 1 
The comparison of experimental results of 10 mm diameter specimen with an aspect 
ratio of 1 and numerical simulations performed using different coefficients of friction, 𝜇=0, 
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0.1, 0.2 and 0.4 is illustrated in Figure 55. The yield stress obtained with 𝜇= 0 matches 
the experimental results but the plastic curve does not match. Both the yield stress and 
flow curve increase with coefficients of friction. 
 
Figure 56: Comparison of the experimental stress-strain curve with the JC-model, and 
simulations with different coefficients of friction of 10 mm diameter with an aspect ratio 
of 0.6 
 
Figure 57: Comparison of the experimental stress-strain curve with the JC-model, and 
simulations with different coefficients of friction of 10 mm diameter with an aspect ratio 
of 1.4 
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Figure 58: Comparison of the experimental stress-strain curve with the JC-model, and 
simulations with different coefficients of friction of 8 mm diameter with an aspect ratio of 
0.6 
 
Figure 59: Comparison of the experimental stress-strain curve with the JC-model, and 
simulations with different coefficients of friction of 8 mm diameter with an aspect ratio of 
1 
61 
 
 
Figure 60: Comparison of the experimental stress-strain curve with the JC-model, and 
simulations with different coefficients of friction of 8 mm diameter with an aspect ratio of 
1.4 
The numerical simulations carried out using both the 8 mm and 10 mm specimens show 
similar results. The most accurate results, when compared with the experimental results, 
were obtained using the length to diameter ratio of 0.6 and 1.4 in all the cases.  
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5. DISCUSSION 
The effects of specimen geometry, lubrication, and strain rate on the compressive prop-
erties of aluminum alloy 7050-T351 were investigated in this study. To investigate the 
effects of friction, experiments were conducted with and without the presence of lubrica-
tion. By comparing the Figures in sections 3.1 and 3.2, we can conclude that the shorter 
specimen (aspect ratio, L/D= 0.6) with a smaller diameter of 5 mm is sensitive to lubri-
cation. However, the longer specimens (L/D =1 and 1.4) are not greatly affected by the 
lubrication between the specimen and pressure bars. Similar results have been reported 
by Li et al. [62] where they tested the lubricated and unlubricated specimens with 3.5 
mm diameter using aspect ratios of 0.4, 1 and 1.4. And in the case of the bigger speci-
mens with diameters 6 mm, 8 mm and 10 mm, the friction does not greatly affect the 
experimental results for all the aspect ratios. The measured stress-strain curve obtained 
with unlubricated specimens for all the aspect ratios, L/D =0.6, 1 and 1.4 is slightly higher 
than those obtained with lubricated specimens. So, lubrication should always be used in 
the dynamic tests to quantify the reliable results. 
Figure 46 shows the calculated temperature increase (∆𝑇) as a function of true plastic 
strain at different strain rates for both lubricated and unlubricated conditions. It is evident 
that the rise in temperature of the specimens during adiabatic heating is a little bit higher 
when friction exists between the specimen and incident-transmitted bars. The ∆𝑇 in-
creases with plastic strain for all the strain rates. So, we can conclude that proper lubri-
cation is required between the specimen and pressure bars to avoid potential errors dur-
ing dynamic testing. 
The experimental results obtained from the specimens of different diameters show that 
the aluminum alloy AA7050-T351 is not sensitive to strain rate below 1000 s-1. The yield 
stress measured at different strain rates ranging from 400 s-1 – 1000 s-1 is nearly the 
same (Figures 39-41). The yield stress increases as the strain rates are increased above 
1000 s-1 (Figure 38) which means that the strain rate sensitivity of AA7050-T351 is similar 
to other conventional aluminum alloys as described already in section 1.5. The strain 
rate sensitivity increases at high strain rates because of the change in mechanism con-
trolling the plastic deformation. At lower strain rates, plastic deformation is governed by 
the thermally activated dislocation motion and at the strain rates above 1000 s-1, the 
mechanism changes to dissipative drag mechanisms [28,30-32]. 
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The bigger specimens and larger aspect ratios will bring difficulties in testing and the 
results. If the specimen is bigger, the size of the incident and transmitted bars should be 
made even larger to satisfy the one-dimensional stress state. Moreover, the longer spec-
imens will invite the problems of buckling and high inertia effects. So, from the experi-
ments conducted in this work, it is recommended to use the specimens with diameters 
between 5mm-10 mm with lubrication between the specimen and pressure bars and the 
most appropriate length to diameter ratio is between 0.6 to 1.4. Considering the speci-
men buckling and the inertial effects, the aspect ratio of 1 should be used for moderate-
high strain rates and an aspect ratio of 0.6 for very high strain rates. Similar recommen-
dations are also given in [61]. Also, the compatibility of cuboid and cylindrical specimens 
were studied in Figure 48. The cuboid specimens in the compression tests should always 
be discarded as the deformation is not uniform and high-level stresses are concentrated 
only on the corners of the cuboid specimens [53]. 
The JC-model parameters were derived by fitting the experimental stress-strain curves 
and those parameters were also used in the numerical simulations. Also, the detailed 
study of friction effects in the dynamic tests was studied using finite element simulations. 
The simulations were conducted using the different dynamic coefficients of friction, 𝜇 = 
0, 0.1, 0.2, 0.3, 0.4 and 0.5. The results are shown in Figure 54 and it clearly demon-
strates that the reflected wave decreases slightly with an increase in friction between the 
specimen and the pressure bars whereas the transmitted wave increases significantly. 
Figures 55-60 compare the experimental results, JC-model curve and the simulated 
curves plotted using different coefficients of friction. The simulation results also show 
that the measured strength increases with an increase in friction. The simulated elastic 
part of the curve obtained with 𝜇 = 0 matches the experimental curves but there is some 
deviation in the simulated plastic curves. Simulated stress-strain curves with higher fric-
tion only matched the experimental results. The most accurate simulated results, when 
compared with the experimental results, were obtained using the length to diameter ratio 
of 0.6 and 1.4 in all the cases. 
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6. CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
Finite element simulations and high strain rate compression tests were conducted using 
lubricated and unlubricated specimens of AA 7075-T351 with various diameters and as-
pect ratios. Cylindrical and cuboid specimens were used in the experiments and simula-
tions were carried out using 2D-axisymmetric finite element models. Following conclu-
sions can be drawn from this work: 
• The tested alloy shows a low strain rate sensitivity at room temperature. 
• Higher strain rates can be achieved with a smaller diameter and shorter speci-
men. Also, the specimen with short aspect ratio, L/D =0.6 is sensitive to lubrica-
tion but not the longer specimens, L/D =1 and 1.4. 
•  Lubrication should be used to reduce interfacial friction between the inci-
dent/transmitted bars and specimen and reduce the errors. 
• The appropriate specimens are with diameters between 5mm-10 mm and length 
to diameter ratios of 0.6-1.4 with the lubrication between the specimens and pres-
sure bars. Besides friction, inertial effects and specimen buckling may also influ-
ence the characterization of dynamic mechanical behavior. So, with these con-
siderations, the aspect ratio of 1 should be used for moderate-high strain rates 
and an aspect ratio of 0.6 for very high strain rates. 
• Cuboid specimens should be discarded for high strain rate compression tests. 
• Johnson-Cook model parameters were obtained by fitting the experimental 
stress-strain results and those parameters were used in the numerical simula-
tions. The simulations performed with different coefficients of friction showed that 
the reflected wave decreases slightly with an increase in friction whereas the 
transmitted wave increases significantly. The simulation results with only higher 
friction coefficients matched the experimental results. 
6.2 Future work 
The work done in this thesis provided some understanding of the importance of using 
lubrication between the pressure bars and specimen and to select the accurate specimen 
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diameter and aspect ratio at high strain rates. Following works should be studied in fu-
ture: 
• A better study of the mechanical behavior of AA 7050-T351 at different strain 
rates up to failure. Also, perform the high strain rates at different temperatures 
and understand the effects of temperature on mechanical behavior. 
• Obtain better JC-model parameters by performing the dynamic tests at higher 
temperatures to get the value of m and calculating the value of yield stress at 
quasi-static tests. Also, perform the numerical simulations again to check if better 
results could be obtained. 
• Include damage and fracture criterion in the JC- model to study the failure strain 
of the alloy at different strain rates. 
• Carry out the numerical simulations using the 3D model and check the accuracy 
of the results obtained with a 2D-model. 
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